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· Magnesium .. doped InO•5 Gao.s P growth by Uquid"phase epitaxy 
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Taiwan 33509. Republic of China 
(Received 12 November 1987; accepted for publication 15 March 1988) 
The structural, electrical, and optical properties of Mg-doped InO.5 Gao.s P liquid-phase 
epitaxial layers, which were grown on (100) Cr-doped semi-insulating GaAs substrates with a 
supercooling method at 750 ·C growth temperature, are reported. It has been found that the 
lattice mismatch between Ino.s Gao.s P epilayers and GaAs substrates are slightly increased with 
increasing Mg impurity concentration. The electrical properties of these epilayers were 
determined by Hall measurements in the temperature range between 77 and 300 K. The data 
show that both the room-temperature carrier concentration and the hole mobility of Mg-doped 
layers varied linearly from 3.5X 1017 to 1.2X 1019 cm,-3 and from 50.5 to 15 cm2;V s, 
respectively, as a function ofMg dopant mole fraction from 1.0 X 10-- 4 to L5x 10- 3 • The Mg 
acceptor ionization energy was evaluated as 21.3 meV. The photoluminescence results indicate 
that the Mg acceptor ionization energy in Ino.5Gau.5P is approximately 28-35 meV, which is 
different from the electrically determined value and is discussed in this report. The distribution 
coefficient is also determined in this report as a value of 0.12 for Mg in Ino.sGao.sp liquid-
phase epitaxy at 750°C growth temperature. 
I. INTRODUCTION 
Recently, Inl_.~Ga ... P has become an attractive opto-
electronic material due to its direct band gap extending up to 
2.2 eV, providing a possible opportunity for the fabrication 
of efficient visible light-emitting devices. Although InGaP 
light-emitting and laser diodes fabricated on GaAs sub-
strates by liquid-phase epitaxy (LPE) have been reported, 1.2 
there are still few reports on their doping properties. Hakki3 
reported the doping properties of Te, Se, and Sn in InGaP 
grown on (111) GaAs by LPE, Mukai4 reported the effects 
of doping with Te, Se, and Zn dopants in InGaAso.()J Players 
grown on (100) GaAs by LPE, and Wu et al. s reported the 
doping properties of Te and Zn in Illo.s Gao.s P epilayers 
grown on (100) GaAs by LPE. As a whole, those reports 
were aU concentrated on such impurities as Te, Zn, Sn, and 
Se, but there is no report on the Mg doping properties in the 
InGaP epitaxial system. 
Magnesium is a wen-known acceptor in GaAs as an im-
plant ion or diffusion source with an acceptor energy level of 
12.5 meV (Ref. 6) or 28 meV.7 Its distribution coefficient is 
determined as 0.2.7 Mg is also used as a p-type dopant in 
All _xGaxAs LPE systemS with the acceptor energy level 
varied from 18 to 40 meV for different x values. In this study, 
the doping properties of Mg in Ino.s Gao.s P epilayers which 
were grown by the LPE method on ( 100) GaAs substrates at 
750°C growth temperatures are reported. The structural, 
electrical, and optical properties of the epilayers are all ex-
amined. The acceptor energy level and the distribution coef-
ficient are discussed and determined. 
II. EXPERIMENT 
The Ino.s Gao.s P epilayers used in this study were grown 
on Cr-doped (100) semi-insulating GaAs substrates with a 
horizontal sliding LPE system. The In melt was first baked 
aJ Present address: Department of Electrical and Computing Engineering, 
University of Illinois at Urbana-Champaign, Urbana, XL 61801. 
at 900 °C in a purified H2 ambient for 10 h to reduce the 
background doping level. After the backing process, the 
proper amount of high-purity InP and GaP polycrystaUines, 
and flakes ofMg metal (99.999% pure) were added into the 
melt to saturate the solution at 765 ·C. After the saturation 
period of 1 h, the solution was cooled down at a cooling rate 
of 0.6 °C/min. As soon as the 750·C growth temperature 
was reached, a 6-min growth period was carried out. We 
have previously shown that at this growth temperature with 
a supersaturation of 15 °C, a better crystal quality of 
Iuo.5 GaO.5 P epilayer can be obtained. 9 The typical thickness 
of InGaP epitaxial layers during this 6~min growth period 
was about 4-6 pm. After each growth process, the boat was 
baked at 950"C for 12 h in order to avoid the accumulation 
ofMg in the boat and to reduce the background doping level. 
After each of the samples was prepared, their surface 
morphology, cross section, and epilayers thickness were de-
termined by optical microscopy; the lattice-matching condi-
tion between the In GaP epilayer and GaAs substrate were 
measured by x-ray diffraction measurements along (400) 
symmetric planes. The photoluminescence measurements 
were carried out to characterize the optical qualities of those 
Mg-doped I~.s Gao.s P epilayers. Before each measurement, 
aU samples were degreased and slightly etched to avoid sur-
face contamination. After these nondestructive measure-
ments were done, the ohmic contacts were made or:. the epi-
layer by evaporting Au-Be and alloying at 450°C in a 
nitrogen ambient for 5 min. HaH concentration and mobility 
were carried out by the van der Pauw method in the tempera-
ture range between 77 and 300 K. The magnetic field adopt-
ed in this study is 5 kg, the current applied to the specimen 
was typically 1 rnA. 
III. RESUi.. TS AND DiSCUSSION 
A, Surface morphology and lattice mismatch 
In a previous work,9 we found that the high-quality un-
doped InGaP epilayers can be grown on (100) GaAs sub-
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strate at 750·C with a lattice mismatch close to 0.2%. 
Therefore, the solutions used in this study were aU prepared 
under a condition oi!attice mismatch equal to 0.2% by add· 
ing fixed amounts of InP and GaP into a 2~g In melt, which 
contains various amounts of Mg dopant. As the Mg mole 
fraction in the growth melt, X Mg' decreases to less than 
0.0015, the Mg~doped lnGaP epilayers become mirrorlike 
with fiat interfaces and free of any inclusions. We found that 
asXMg increased, the GaP solubility was depressed; this phe~ 
nomenon implied that the In-Ga-P ternary-phase diagram 
was slightly changed by the addition of Mg dopant and 
caused the Ga distribution coefficient to decrease. In the 
related work of InGaAs doped with Zn,1O Benchimol et al. 
also found that XOa decreases as XZn increases, which is 
quite similar to our observation. The lattice~mismatch con· 
ditions for Zn dopant in the related III ~ V ternary or quater-
nary LPE systems have been studied.4 •5•11 In Mukai's report" 
as Xz" < 0.002, there were no evident changes in the lattice 
constant, as XZn > 0.002; they found that the lattice constant 
decreased as XZn further increased. In Wu's report,S there 
were only three points and no evident changes in the lattice 
constant, but in Feng's paperl! a complex variation of the 
lattice constant was reported in the InGaAsP IInP system; 
as XZn < 0.002, XZn increased with the lattice constant, but 
as XZn increased further, the lattice constant decreased im~ 
mediately. 
Figure 1 shows the doping concentration dependence of 
lattice mismatch between the epitaxial InGaP layer and the 
GaAs substrate as Ii function of XMg • These data were deter-
mined by the x~ray diffraction measurement and showed 
that lattice mismatch increased slightly from OAX}22 to 
0.0028 with increasing XMg from 0.000 38 to 0.0015, except 
one scattering datum which might be regarded as a measure-
ment error. The Inx Gal __ x P lattice constant is equal to the x 
fraction of the lnP lattice constant plus the 1 - x fraction 
lattice constant of GaP, and we know that the lattice con-
stant of InP is larger than that of GaP; as the GaP mole 
fraction is decreased, the total lattice constant will tend to a 
larger value. Hence, the tendency of the data shown in Fig. 1 
is reasonable because the lattice constant increases as the 
solubility of Ga decreases, which is similar to Feng's re-
sults ll at XZn < 0.002, but different than Mukai's and Wu's 
papers.4 •5 AsXMg becomes larger than 0.0018, themeltscan~ 
not be whipped offfrom the GaAs substrate after the growth 
period. This result also indicates that the In-Ga-P ternary-
phase equilibrum condition no longer exists due to high Mg 
doping, and the In-Ga~Mg·P quaternary~phase equilibrium 
condition needs further investigations. 
B. Hall measurement 
The room-temperature hole concentration and hole mo~ 
bility of Mg-doped InGaP layers grown on GaAs substrate 
as a function ofMg mole fraction in the growth solution are 
illustrated in Fig. 2, The room-temperature hole concentra-
tion increases monotonically from 3.5X 1017 to 1.2x 1019 
cm- 3 as XMg varies from 0.0001 to 0.0015, while the hole 
mobility decreases from 50.5 to 15 cm2/V s. In Wu's paper,s 
Zn can be used as ap-type dopant with doping concentration 
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FIG. 1. Lattice mismatch between the Mg-doped InGaP epitaxial layer and 
GaAs substrate normal to the wafer surface at 300 K as a function of XMg in 
growth solutions. 
range from 2 X 1017 to 2 X 1019 em -3 and its mobility varied 
from 35 to 12 cm2 IV s. Our results, as shown in Fig. 2, indi-
cate that Mg may be used as a p-type dopant over a hole 
concentration range from 3.5x1O!7 to 1.2XlO19 cm-3 , 
which is competitive with the dopant Zn, but with higher 
mobilities from 50.5 to 15 cm2 IV s than those of Zn. Higher 
mobility may improve the electrical property of some de-
vices, such as increasing the switching rate ofthe heterobipo~ 
lar transistor, etc., so that Mg is a better choice than Zn to be 
adopted as a p-type dopant in the InGaP IGaAs LPE system 
due to its competitive hole concentration range, and its high-
er mobility values. 
The temperature-dependent hole concentration results 
are shown in Fig. 3. From these data, we can calculate the 
acceptor ionization energy using the foHowing equation l2 ; 
peNd + P) = (21r><mh XK X T)3/2 
Na -Nd -P h Xh 
Xexp C~;a). 0) 
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FIG. 2. Room-temperature hole concentration (Ill) and mobility {e} of 
Mg-doped InGaP epilayers grown all GaAs substrates as a function of XMg 
in growth solutions. Some horizontal bars inserted here indicate the high 
XMg memory effects. 
Chang, Cheng, and Liu i 117 
Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions
'" 
2, 
1 
(T) I 
I I 
E E u ll:f ~ if] ~ '-' '- CI c 7 b 0 != 4~ -I 
'R L:' t.l -I 
..., 5~1I '.' ....I 0 / L L\ -j 
..., III ~ C ~A l1li GI ~ u 2 G A C I IllI ! 0 / .. ~ u Ie I $ I 0.1 101:: $ 'i ~ -< 7~ 0 .. -j :r: 
5t ~ .. 21 , 
'7 9 , 13 3 5 11 15 
lOOO/K ( III,) 
FIG. 3, Temperature dependence of hole concentration as a function ofreci-
procal absolute temperature for six different samples. 
where m h is the effective hole mass, h is Plank's constant, Na 
represents the acceptor concentration, and Nd represents the 
unintentionally doped donor concentration. Nd was neglect-
ed in this analysis because it is always much smaner than the 
intentionally doped carner concentration P. By curve fitting 
the experimental data to Eq. (l), the acceptor ionization 
energy of eaeh doping level can be determined. It is wen 
known that the ionization energy depends strongly on the 
doping level and decreases linearly with the increasing of the 
cube root of hole concentration. This relation can be repre-
sented by the following empirical expression 13,14: 
(2) 
where EaQ is the ionization energy for infinite dilution and A 
is a proportion constant. Figure 4(a) shows the acceptor 
ionization energies, which were determined by the curve fit-
ting process, as a function of the cube root of the room-
temperature hole concentration. Using Eq. (2), the calculat-
ed value for EaQ is 21.3 meV which is larger than the value of 
Mg doped in GaAs with 12,5 meV, but smaller than the 
value ofZn doped in InGaP with 45.75 meV.6 This indicates 
that Mg is a shallower dopant in the InGaP LPE system than 
Zn. 
The distribution coefficient K Mg in Ino.sGao.sP at 
750°C was estimated by the relation 
(3) 
where Na is the acceptor concentration which has been men-
tioned above and ao is the lattice constant of InO.5 Gao.s P. 
Figure 4(b) shows the acceptor concentration, which was 
also determined by the curve fitting process, and as a func-
tion of XMg • Using relation (3), the distribution coefficient 
of the Mg dopant in this InGaP LPE system was determined 
as 0.12, which is smaller than the value of Zn in the InGaP 
LPE system given by Wu's report6 of 0.18 with a growth 
temperature of 785 "C. 
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FIG. 4. (a) Acceptor ionization energy determined by the temperature var-
ied Hall measurement plotted as a function of the cubic root of the room-
temperature hole concentration. (b) Acceptor concentration determined 
by fitting the temperature-dependent hole concentration and plotted as a 
function of X Mg • 
C. Photoluminescence (PL) 
Figure 5 shows the typical 17-K PL spectra of un doped 
n-type, slightly Mg-doped, and heavily Mg-doped InGaP 
epilayers, respectively. The corresponding carrier coneen-
trationsaren-5X 1015, 1.3x 1018, and L2X 101"cm-·3 , re-
spectiVely. There are three major peaks A, B, and C in these 
spectra. Peak A at 1.975 eV is regarded as the free-hole to 
free-electron recombination; as the Mg dopant concentra-
tion increased, the crystal deformation increased and caused 
this peak to be shrinked, and as the Mg dopant increased up 
to 5 X 1018 cm-- 3, peak A totally disappeared. The defect-
induced subpeak B' at 1.938 eV in Fig. 5(a) has been dis-
cussed."5 As the Mg dopant increased, the acceptor ioniza-
tion energy peak B at 1.940 eV grew up rapidly and merged 
this defect-induced subpeak B ' altogether, which is shown in 
Fig. 5 (b ). When the carrier concentration increased up to 
5x 1018 cm-3, peakBbecame broad and the defect-induced 
subpeak B' was merged completely. In Figs. 5(b) and 5(c) 
we can observe a small peak C, which is thought to be the 
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FIG. 5. 17-K PL spectra for three different InGaP epilayers: (a) Uninten-
tionally doped layer, n-5 X 10'5 em -3. (0) Slightly doped layer, P-
1.3X 10'" cm- J • (c) Heavily doped laye, P-1.2X 10'" cm-'. 
phonon replica of the peak B. From the following equation: 
Ea=Eg-hv, (4) 
where Eg is the band-gap energy ofInGaP and hv is the peak 
energy of the Mg acceptor level, because the Mg dopant peak 
energy merged with the defect-induced peak and the phonon 
replica, it produced a broad shape so that we can only rough-
ly evaluate the Mg acceptor energy level determined by Fig. 
5 with a value around 28-35 meV. The acceptor energy level 
detennined by the optical method of 28-35 meV is larger 
than the value obtained by the electrical measurement of 
21.3 meV; this phenomenon is similar to the behavior ofMg 
doped in the GaAs system1,2 with two different values, 12,5 
me V by electrical, and 28 me V by optical measurements. 
This difference can be explained by that phenomenon. As 
Eq, (1) was used, it is considered correct under the assump-
tion of Ea >KT; for a deep level, this requirement is easy to 
reach, but for a shallow level like Mg it is not satisfied in a 
77-300 K range, so that an error in electrical determination 
of activation energy in a 77-300 K Hall measurement must 
have occurred. From other reports,16 we can find the Mg 
binding energy difference between the ground and excited 
states in GaAs with a value of 20 me V; from this mechanism, 
we may also consider that Han measurements in the tem-
perature region of 77-300 K give a binding energy of the 
excitation state of Mg doped in InGaP, so that ita value is 
lower than the results from those PL results which are mea-
sured under 17K and the binding energy is the ionization 
energy of the ground state. 
IVo CONCLUSION 
Mg-doped InGaP epitaxial layers were grown on (100) 
GaAs substrates at 750°C with 15·C supersaturation by the 
LPE method. The properties ofthe Mg-doped layers such as 
1119 J< AppL Phys., Vol. 64, No.3, 1 August 1988 
surface morphologies, lattice mismatches, carrier concen-
trations, hole mobilities, acceptor ionization energy, and dis-
tribution coefficient are all examined. 
The surface morphology of Mg-doped InGaP epilayers 
is similar to that of the undoped layers with a mirror like 
morphology, flat interface, and free of any inclusions. The 
lattice mismatch increased slightly with increasing Mg dop-
ing concentration, Room-temperature Han measurement 
indicates that the carrier concentration varied from 
3.SX1017 to 1.2XlO!9 cm-3 as the XMo varied from 
" 0.000 10 to 0.0015 with the mobility varying from 50.5 to 15 
cm2/V s which shows that the Mg can be used as a p-type 
dopant in a wide carrier concentration range with a higher 
mobility than that of Zn in the InGaP LPE system. 
Temperature-dependent Hall measurement has also 
been carried out; by fitting data, a series of concentration-
dependent Ea are obtained. The acceptor ionization energy 
EaQ is determined by the linear relationship with the cube 
root ofthe hole concentration as a value of21.3 meV, and the 
distribution coefficient of Mg doped in In.GaP by the LPE 
method at 750·C is evaluated as 0.12. The optical properties 
of these Mg-doped InGaP epUayers are measured by the 17-
K photoluminescence; three major peaks, i.e., free-hole to 
free-electron, Mg acceptor level merged with the defect-in-
duced sl.lbpeak, and the phonon replica, were observed. 
From this optical mesurement we can also find the acceptor 
ionization energy, but with a value of about 28-35 meV. Thi.s 
phenomenon. is similar to the Mg doped in the GaAs system 
which is due to the measurement temperature difference in-
duced nonground-state error, and this exact difference needs 
further theoretical calculation and investigation, 
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